Despite more than a century of federal protection, the California sea otter Enhydra lutris nereis remains threatened under the U.S. Endangered Species Act (ESA), and the population has not appreciably expanded its range in two decades. Here, we examine a novel dataset of 725 sea otter live strandings from 1984-2015 to gain insights into demographic and environmental factors underlying threats to sea otter recovery. Using multinomial logistic regression to evaluate spatiotemporal patterns of stranding causes, we demonstrate that increases in stranding rates, particularly outside the range center, are related to a substantial increase in shark bites. By contrast, trauma linked to human activities has declined dramatically, and now accounts for less than 5% of stranding cases. Within the range core, where the sea otter population seems regulated by prey availability, symptoms of energetic stress represent more than 63% of all strandings and are strongly associated with high sea otter density. Conversely, in range peripheries, the majority of strandings are caused by shark bite and neurological disease. Notably, these threats are virtually absent where nearshore habitat is characterized by at least 10% kelp canopy cover. Our analyses reveal that declining kelp cover may therefore constrain the population's spatial expansion and recovery in two key ways. Absence of kelp intensifies density-independent threats in the range peripheries, and likely limits dispersal of reproductive females, which depend on kelp canopy for nursery habitat. These results highlight the significance of both top-down and bottomup processes in population dynamics, and inform an ecosystem-based approach to conservation planning.
Introduction
During the eighteenth-and nineteenth-century maritime fur trade, commercial exploitation of sea otters in California severely threatened the population with extinction. After enactment of the International Fur Treaty provided legal protection Gaps in kelp cover may threaten the recovery of California sea otters from hunting in 1911, the population increased from fewer than 50 individuals isolated in a single watershed (Bryant 1915 , Kittinger et al. 2015 to a minimum abundance in 2017 of nearly 3200, spanning a 525 km range (Fig. 1; Tinker and Hatfield 2017) . This recovery of California sea otters, however, has been slow when compared to sympatric pinnipeds. California sea lion Zalophus californianus, Pacific harbor seal Phoca vitulina richardsi, and northern elephant seal Mirounga angustirostris populations have all exhibited sustained maximum growth rates (11.7, 9.7, 8.3%, respectively; Barlow et al. 1995) nearly 2 times greater than California sea otters (5.0%; Riedman and Estes 1990) , and reoccupied the full extent of their historical ranges. By contrast, the sea otter population in California occupies less than 25% of its historic range (USFWS 2015) , remains concentrated in the geographic center of its distribution . Broadly, population density corresponds with kelp cover. Though maximum kelp extent is driven by substrate and remains constant over time, observed kelp cover varies seasonally and annually in accord with environmental conditions. Panel (D) shows that from 1989-2014 kelp cover declined dramatically across the species range, and the most dramatic population declines (panel (C)) occurred where kelp declines were steepest. During this period, the largest local increases in population density were in regions 3 and 4, the Monterey Peninsula and Monterey Bay (specifically, Elkhorn Slough), respectively. These regions are in or near the range center and include areas where surrogate-reared otters were released into the wild (Nicholson et al. 2007) . Notably, in the last 25 yr, the population expanded its range into kelp habitat along the southern and northern range edges, but not beyond. Strandings were distributed throughout the range, mostly outside the range center and in areas characterized by easy public access (panel (E)).
(USGS 2017), and has not expanded spatially in the last 20 yr (Tinker and Hatfield 2017) . In the range center or core, coastal environments are dominated by rocky sub-tidal benches and perennial kelp forests (Table 1, Fig. 1D ), providing ideal shelter and prey habitat for sea otters (Mann 1982 , Duggins 1988 , Riedman and Estes 1990 . Sea otters within this core region have been at high density for decades and are approaching carrying capacity (Tinker et al. 2006 (Tinker et al. , 2008a (Tinker et al. , 2013 . Regions adjacent to this core area, extending to the range peripheries, however, are characterized by large-scale soft and mixed (both sandy and rocky sediment) subtidal habitats that represent substantially poorer substrate for persistent kelp forests due to light-limiting turbidity, sedimentation, or scouring, especially in areas of high wave energy or exposure (North 1971 , Foster 1982 , Graham et al. 2008 , Foster et al. 2013 . These regions are also unlikely to support high densities of sea otters (DeMaster et al. 1996 , Laidre et al. 2001 ; therefore, achieving recovery criteria under the Endangered Species Act (ESA) may depend on range expansion and subsequent population growth beyond the existing range boundaries (USFWS 2012 (USFWS , 2015 .
Population dynamics at the range peripheries may be influenced by a number of factors including geography and habitat quality, reproductive behavior, and mortality (Estes et al. 2003 , Kreuder et al. 2003 , Lafferty and Tinker 2014 , Tinker et al. 2016 . Unlike other protected marine taxa (e.g. sea turtles, cetaceans, pinnipeds, or seabirds), all sea otter life history stages are confined to a narrow coastal corridor (Fig. 1B) , where spatial gaps in giant Macrocystis pyrifera and bull Nereocystis luetkeana kelp forest canopies (Fig. 1D ) may expose sea otters to fatal bites from white sharks Carcharodon carcharias (Ames and Morejohn 1980 , Wcisel et al. 2014 , Tinker et al. 2016 ). Shark-biterelated mortality, once limited in magnitude and geographic extent, has dramatically increased since the early 2000s (Tinker et al. 2016) . Although the presence of white sharks in this region is seasonal and migratory (Boustany et al. 2002 , Weng et al. 2007 , Jorgensen et al. 2010 , by 2014, bites from white sharks had become the single greatest cause of sea otter mortality (Miller et al. 2014 , Tinker et al. 2016 . Encounters between white sharks and otters are mostly concentrated along the range peripheries where kelp cover is nearly absent (in the north) or less extensive and more ephemeral (in the south), primarily due to El Niño-Southern Oscillation (ENSO)-related storms and warm-water nutrient depletion (Steneck et al. 2002 , Edwards 2004 , Foster et al. 2013 ; Table 1 , Fig. 1D ). In addition to physical shelter from shark attacks, kelp forests provide a productive and diverse prey base, with high densities of herbivores (urchins, abalone) and secondary consumers (crabs) but proportionately fewer filter feeding infaunal bivalves, a pattern that may reduce overall pathogen and toxin ingestion (Wekell et al. 1994 , Miller et al. 2002 , 2010a , Lindsay et al. 2004 , Kvitek et al. 2008 , Johnson et al. 2009 ). By dampening strong currents and wave energy, dense canopy cover also creates crucial nursery habitat for female sea otters rearing dependent pups (Riedman and Estes 1990) . The lack of continuity of kelp cover along the range peripheries may therefore be a critical factor in the failure of the sea otter population to grow and expand throughout and beyond those areas.
Stranding events are an important resource for identifying threats to marine populations, particularly human-mediated hazards (Wilkinson 1991 , Geraci 2005 , Carretta et al. 2009 , Bogomolni et al. 2010 , Van Houtan et al. 2016 ). Strandings may indicate or reveal sudden, short-or long-term climatic shifts (Schumann et al. 2013 , Truchon et al. 2013 , Cavole et al. 2016 ; changes in trophic dynamics (Estes et al. 1998 , Leopold et al. 2015 ; contamination of prey from pathogens or harmful algal blooms (HABs, Scholin et al. 2000 , Miller et al. 2002 , 2010a , b, Torres de la Riva et al. 2009 , Van Houtan et al. 2014 ; and fishing gear entanglement, boat strikes, or other anthropogenic trauma (Wendell et al. 1986 , Herrick and Hanan 1988 , Hatfield et al. 2011 , Moore et al. 2013 , Byrd et al. 2014 . Because each of these may pose different levels of risk in space and time, or affect different demographic groups, standardized characterization of strandings and systematic data analyses are critical to identifying and managing threats to a population's status.
Each year, about 20% of the California sea otter population dies, and roughly half of these animals are retrieved along the shore (Estes et al. 2003 , Gerber et al. 2004 , Tinker et al. 2016 . These data provide useful information, particularly in documenting acute mortality associated with white sharks and infectious diseases (Thomas and Cole 1996 , Kreuder et al. 2003 , Tinher et al. 2016 . In many cases, however, carcass decay Table 1 . Regions (R1-R5, and Big Sur) defined by northern (N) and southern (S) geographic boundaries and kilometer markers; mean sea otter population density (indiv. ha -1 , 2010-2015) ; maximum extent of kelp habitat (%), or spatial union of all kelp canopy surveyed in 1989, 1999, and 2002-2008 ; mean annual kelp canopy cover (%, 1989, 1999, 2002-2008, 2012, 2014, 2015) , and hard benthic substrate (%). Population density, kelp habitat, kelp canopy cover, and hard benthic substrate estimates were calculated in linear 500 m bins along the nearshore coastline ( 30 m depth), then averaged across 5 km linear coastal distances, and reported as medians with range in parentheses. masks pathologies and prevents determining a cause of death, limiting their utility. In addition to mortalities, each year less than 2% of the sea otter population strands alive as sick, injured, or orphaned individuals that require intervention. With veterinary care, many stranded otters recover (~35%), especially orphaned pups and reproductive females. Information from these live strandings has previously been excluded from mortality studies, yet provides unique data for sea otter management and conservation. We examined thirty years of live sea otter strandings (hereafter 'strandings') for spatiotemporal trends, to identify factors that may be contributing to mortality and slow population recovery. In doing so, we considered the role of both habitat type and population density in mediating stranding patterns. Specifically, we evaluated support for two hypothesized patterns: 1) areas of low or no kelp canopy are associated with increased risk for densityindependent threats, such as shark bite or neurological disease from HABs or pathogen pollution, and 2) strandings due to intraspecific mating trauma or emaciation are positively density-dependent, particularly in the long-established range center where prey resource abundance may be limiting growth (Tinker et al. 2008a ). We discuss the implications of our findings for survival and reproduction of sea otters along the range frontiers and the ultimate range expansion and recovery of the species.
Methods

Stranding, population, and habitat data
From 1984-2015, Monterey Bay Aquarium staff and volunteers, in partnership with the California Dept of Fish and Wildlife and The Marine Mammal Center, recovered stranded sea otters along the California coastline ( Fig. 1E ; Supplementary material Appendix 1 Fig. A1 ). Stranding response teams and veterinary staff recorded date, location, sex, age class, morphometrics, body condition, and apparent stranding cause. Using body length and dentition (Kreuder et al. 2003) , we grouped strandings into five age classes: dependent pup (0-19 weeks), juvenile (20-51 weeks), subadult (1-3 yr), adult (4-9 yr), and aged adult (10+ yr). We then used a suite of routine and case-specific diagnostic procedures including physical examination, complete blood count, serum chemistry profile, fecal examination, urinalysis, radiography, laparoscopy, toxicology, and advanced imaging to assess stranding cause.
From these results, we grouped stranding cause into nine types: dependent pup, neurological disease, shark bite, end-lactation syndrome (hereafter 'ELS', referring to postreproductive females stranding at the end of a pup dependency period in a state of extreme emaciation, potentially with mating wounds and associated bacterial infections; see Chinn et al. 2016 for details), anthropogenic trauma (hereafter 'trauma'), acanthocephalan peritonitis, emaciation (other than ELS), senescence, and other (i.e. all other known and unknown causes). These categories comprise standard sea otter mortality diagnoses, with two exceptions. For neurological disease, definitive diagnosis of the specific infectious or toxic agent requires histopathology. Because exposure to these agents usually occurs through similar regional processes that enhance bioaccumulation of toxins or pathogens within targeted prey, we grouped all such symptoms into a single category. We also grouped several trauma categories -boat strikes, net entanglement, gunshot, blunt trauma, and other unspecified lacerations or punctures unrelated to intraspecific interactions or shark attack -as these collectively arise primarily from anthropogenic sources.
We obtained annual sea otter population census data from the U.S. Geological Survey Western Ecological Research Center (USGS-WERC:  www.sciencebase. gov ). We retrieved kelp Macrocystis, Nereocystis distribution data and benthic habitat data from the National Oceanic and Atmospheric Administration ( https://data. noaa.gov ).
Geographic regions and stranding rates
We tabulated all observed stranding events, plotting their annual occurrence against a LOESS model, or locally weighted regression (Cleveland and Devlin 1988) . We then grouped strandings into five regions based on natural population or geographic breaks, and numbered them from south to north: Rincon Point to Point Buchon (R1), Point Buchon to Point Estero (R2), Yankee Point to Monterey (R3), Monterey to Point Santa Cruz (R4), and Point Santa Cruz northward (R5; Table 1, Fig. 1 ). Although these regions represent a range of habitat types and population densities, extending over the species' entire range, they exclude a 168 km stretch of coastline along the Big Sur coast (Fig. 1) . Recoveries of strandings and carcasses are rare in the Big Sur region because coastal access is limited and scavenging by terrestrial wildlife is common (Kreuder et al. 2003) ; therefore, we used the northern portion of the range center (R3), where population density is greatest and kelp canopy cover is most extensive (Table 1, Fig. 1 ), to provide a reliable representation of stranding causes within the range core. For each of the five regions, we calculated annual stranding rates as the number of strandings observed, relative to the regional otter population in each calendar year to distinguish whether variation in stranding numbers signaled actual per capita changes in threats or merely reflected regional population trends.
Regression analyses
We employed multinomial logistic regression (MLR; Venables and Ripley 2002 ) models broadly to analyze stranding categories and demographics, and to assess environmental cofactors over space and time. At the outset, to focus our analysis on more manageable population threats, we did not consider stranding types in which demographics themselves were the stranding cause (i.e. pups and senescent adults). For the remaining stranding categories, we pooled related stranding types to increase sample sizes, model stability, and predictive power. For example, we combined ELS and emaciation cases as these are both associated with nutritional or energetic stress. We further grouped acanthocephalan peritonitis cases with 'other' because the former were too few across all regions. This exercise yielded five stranding causes: neurological disease, shark bite, ELS/emaciation, trauma, and other (Table 2) . We then analyzed regional and temporal changes in the demography of strandings, particularly related to sex and age class. Specifically, we measured the stranding probabilities of pups, reproductive females (adult and aged), and all others (juveniles and subadults of both sexes, and adult and aged males).
In addition to testing for regional changes in stranding categories and demographics over time, we examined how habitat quality and population density may influence strandings. We used kelp canopy cover as an index of habitat quality because coastal areas with abundant kelp forests are associated with high productivity and substrate complexity, and support abundant invertebrate populations that provide prey for sea otters (Mann 1982) . Kelp canopy also functions as important nursery habitat for reproductive females and their pups, and may act as a refuge from white sharks (Wcisel et al. 2014 , Tinker et al. 2016 ). We calculated percent kelp canopy cover within nearshore coastal habitat ( 30 m depth) along varying spatial scales, ranging from 0.5, 1.5, 3.5, 5.0, 10.0, and 15.0 km, centered on each stranding location. Population density estimates provided by USGS-WERC were only available at a 5.0 km scale. We then tested for variability in each stranding type relative to these local features.
We assessed all MLR models with different combinations of independent variables and their interactions, then ranked models by Akaike's information criterion values (AICc; Burnham and Anderson 2002, Mazerolle 2017 ; Supplementary material Appendix 1 Table A1-A4). Best-fit models were used to calculate the predicted probabilities of each demographic category by geographic area and year, and stranding type by region, year, local population density, and percent kelp canopy cover. To further examine effects of kelp cover on specific stranding causes, we used simple linear regression to compare the total percent of density-independent strandings to mean kelp canopy across regions. As a point of comparison, but not included in the analysis, we plotted the data for the Big Sur region (which consisted of only 8 recovered strandings). All statistics were conducted using R programming language.
Data deposition
Data will be available at Open Science Framework:  http:// osf.io/kxusq . (Nicholson et al. 2018) .
Results
From 1984-2015, 725 individual sea otters stranded alive along the central California coastline from Point Reyes southward to Santa Barbara (Fig. 1E, 2) . Strandings increased through time for all age classes. Dependent pups stranded most frequently, followed by adults, juveniles, aged adults, and subadults (Supplementary material Appendix 1 Fig. A1 ). During the most recent decade (2005) (2006) (2007) (2008) (2009) (2010) (2011) (2012) (2013) (2014) (2015) , stranding rate increased at the periphery, especially along the southern edge (R1, Fig. 2A ) where the rate nearly tripled. During that same period, stranding rate declined by nearly half in the range center (R3, Fig. 2A ).
Based on our analyses, primary threats to sea otters included neurological disease, shark bite, and ELS/emaciation, but these threats varied both temporally and spatially (Table 2 , Fig. 2B , Supplementary material Appendix 1 Table  A5 ). Along the central portion of the range (R3), the proportion of stranding due to ELS/emaciation exceeded 63%. This stranding category, however, never represented more than 12% of stranding events outside of the range center. By contrast, neurological disease and shark bite were responsible for the majority of observed strandings (64-81%) for all regions outside the range center. The exception was along Monterey Bay (R4, 48%), where trauma was also a relevant threat. By 2015, however, strandings due to shark bite had increased seven-fold in Monterey Bay, displacing trauma as the most frequent stranding type in this area, and creating a more uniform distribution of threats outside the range center. Along the entire range through time, the probability of stranding because of trauma declined more than ten-fold, while shark bite-related strandings more than quadrupled, exceeding neurological disease as the primary stranding threat. Reproductive females and pups stranded significantly more frequently relative to all others in the range center (R3; Fig. 2B ; Supplementary material Appendix 1 Table A6 ). Stranded females in this region were comparatively more mature, with 67% of all aged female strandings occurring along the range center (R3). In the range peripheries, the probability of reproductive (adult) female strandings increased marginally over time, in parallel with increasing population density. Unsurprisingly, their probability of stranding also increased in accord with dependent pup strandings. By 2015, the greatest frequency of pup strandings occurred along the northern and southern range frontiers (R1 and R5). Fig. 1D ). Over time stranding rates decreased in the range center and increased at the range edges, especially in the south (R1-2). Such increases in stranding rates may be hindering population growth and geographic range expansion. (B) In the range center (R3), strandings were primarily related to density-dependent factors (e.g. ELS/emaciation). At both the northern and southern range peripheries, the majority of strandings were from density-independent causes -especially shark bites -which doubled in frequency throughout the range from 2005-2015. This may represent a major hazard to reproductive females, and especially their offspring, which exhibited a greater probability of stranding along the range edges (R1 and R5) precisely where their survival is essential to enhance local population growth and range expansion along the frontiers.
Kelp canopy cover negatively corresponded with the likelihood of shark bite strandings, especially across spatial scales from 5 to 10 km ( Fig. 3 ; Supplementary material Appendix 1 Table A7 ). Specifically, a 10% increase in kelp cover (at a spatial scale of 5 km) was associated with a 99% reduction in the probability of shark bite. Kelp had a similar but more moderate effect on strandings caused by neurological disease, with a 75% reduction in stranding rate for every 10% increase in kelp canopy cover. Combining shark bite, neurological disease, and trauma, we found a strong negative relationship across regions between the cumulative proportions of these density-independent strandings and kelp canopy cover (Fig. 4) . In contrast, the frequency of ELS/emaciation strandings was positively correlated with kelp canopy cover. Even more striking was the relationship between ELS/emaciation and sea otter population density. An increase in population density by 10 sea otters per km 2 corresponded with a twelvefold increase in the probability of an individual stranding from ELS/emaciation (Fig. 3 , Supplementary material Appendix 1 Table A7 ). Population density had little to no effect on the probability of stranding from other causes (except for neurological disease, where the relationship was negative, Fig. 3 ).
Discussion
Our analysis of 30 yr of sea otter strandings demonstrates how demographic and environmental factors underlie threats to both historical and future species recovery, and reveals four key findings. One, sea otter stranding rates are increasing along the range peripheries, where sea otter density remains low and densitydependent resource limitation is unlikely to be important (Table  1 , Fig. 1, 2A) . Two, ELS and emaciation are strongly associated with increasing sea otter density, especially in the range center, and likely represent a useful index of the strength of density-dependent population regulation (Fig. 2B, Fig. 3B , Supplementary material Appendix 1 Table A5, A7) . Three, extensive gaps in kelp cover, which characterize habitat in the range peripheries, correspond ). (A) Regional scarcity of kelp canopy cover significantly increased the relative vulnerability of sea otters to their most prevalent stranding types, neurological disease and shark bite. (B) ELS/emaciation was highly correlated with population density. LOESS represents MLR model-generated predicted probabilities (solid line)  SD (shaded area). Figure 4 . The lack of kelp at the range edges corresponds with a high incidence of density-independent strandings. Density-independent threats collectively resulting from shark bites, neurological disease, and trauma decline (R = -0.953) as kelp cover increases. Filled circles are data from each geographic region; numbers indicate the region. The single hollow circle represents the Big Sur region which is not considered in our analyses (see Methods) or in this model, and is merely plotted as a reference. Bars are standard error of the binomial proportion. R3, the Monterey Peninsula at the range center, has the highest kelp canopy coverage (mean 15.5%) over time and the lowest rate of strandings from density-independent causes. By contrast, at both the northern (R4-5) and southern (R1-2) regions of the range, mean kelp coverage is  2.7% of available habitat (Fig. 1D) . Density-independent strandings in these areas are correspondingly high; therefore, the lack of kelp cover may inhibit sea otters from naturally expanding their geographical range in California.
to high rates of shark bite, neurological disease, and pup loss (Fig. 2B, 3 , 4, Supplementary material Appendix 1 Table A5,  A6) . Four, traumatic events directly attributed to human activities have declined dramatically, and no longer present a substantial population-level threat (Fig. 2B , Supplementary material Appendix 1 Table A5 ). We discuss these findings and their implications below.
A relevant feature of the California sea otter range is the spatial configuration of two distinct coastal habitats. The range center (R3 and Big Sur) is dominated by rocky sub-tidal benches that anchor broad forests of canopy-forming giant kelps (Table 1, Fig. 1D ). These kelp forests are used extensively by sea otters for feeding and resting activities, support a diverse and productive forage base (Mann 1973 , Dayton 1985 , Duggins 1988 , Steneck et al. 2002 , and may also provide critical refuge from potential ambush by white sharks (Martin and Hammerschlag 2011 , Wcisel et al. 2014 , Tinker et al. 2016 . Bordering this central region to the north and south are extensive soft bottom and mixed-sediment subtidal habitats, which include fewer areas of kelp canopy (Table 1, Fig. 1D ). In these areas, invertebrate prey resources tend to be more patchily distributed and apparently more susceptible to contamination from pathogen pollution and HABs (Wekell et al. 1994 , Miller et al. 2002 , 2010a , b, Lindsay et al. 2004 , Kvitek et al. 2008 , Johnson et al. 2009 ). These kelp-poor habitats typically support much lower sea otter population densities (Laidre et al. 2001 ; Table 1 , Fig. 1 ) and are used less by reproductive females (Lafferty and Tinker 2014) . Sea otters residing in the range center, therefore, experience very different habitats, and different threats, relative to their neighbors at the range peripheries, which may explain the contradictory trends in stranding rates between these two regions ( Fig. 2A) .
The dense, long-established sea otter populations in the central kelp-forested region appear to be regulated largely by prey resource availability, which is consistent with the high frequency of strandings associated with density-dependent factors (i.e. ELS/emaciation; Fig. 2B, 3 ; Supplementary material Appendix 1 Table A5 ). Individuals within this core part of the range devote nearly half their daily activity to foraging (Tinker et al. 2008a (Tinker et al. , 2013 , demonstrate lower foraging success, and exhibit poorer body condition and survival rates . Adult females in particular are extremely vulnerable to mortality during periods of increased energetic demands (Ralls and Siniff 1990 , Thometz et al. 2014 , Chinn et al. 2016 . Correspondingly, we found that reproductive females in the range center were nearly four times more prone to stranding from ELS and extreme nutritional stress than their counterparts elsewhere ( Fig. 2B ; Supplementary material Appendix 1 Table A5 ). We suggest that these stranding categories represent a useful index of the strength of density-dependent population regulation. As other areas of California approach local carrying capacity, we would expect to see similar increases in strandings due to ELS and emaciation. Conversely, stagnation of population growth without these stranding patterns might suggest that a density-independent source of mortality is limiting population abundance.
Unlike the range center, sea otter populations in the kelp-sparse peripheries do not appear to be vulnerable to density-dependent mortality factors. Instead, strandings due to neurological disease and shark bite have predominated in these regions ( Fig. 2B ; Supplementary material Appendix 1 Table A5 ) during a period of local population decline from (Tinker and Hatfield 2017 . Over the last decade, shark bite strandings have nearly doubled to the north and south of the range center, while strandings from neurological disease have remained relatively stable. The increase in shark bite strandings may correspond to a greater abundance of white sharks (Burgess et al. 2014 , CDFW 2014 , or of their coastal pinniped prey (Lowry et al. 2014) , which may be shifting white shark hunting efforts into nearshore habitat occupied by sea otters (Tinker et al. 2016) . In contrast, temporal patterns in strandings from neurological disease likely are related to variation in rainfall and run-off associated with ENSO events, which determine the intensity of pathogen pollution (Miller et al. 2002 , 2010a , b, Johnson et al. 2009 ). Taken together, our findings suggest that the cessation of growth at the range peripheries is not due to densitydependent factors such as resource limitation, but rather to increases in density-independent factors, primarily shark bite and neurological disease. Our analyses also indicate that the lack of extensive kelp canopy in these regions (across broad spatial scales from 5-10 km) may increase vulnerability of sea otters to both these threats ( Fig. 3 ; Supplementary material Appendix 1 Table A7 ), especially shark bite.
The geographic distribution of kelp forest habitat has a number of profound influences on sea otter demography and reproduction in California. Because females rearing pups depend on kelp canopy as nursery habitat (Riedman and Estes 1990) , the range peripheries were initially occupied by transient males and subadults of both sexes, with reproductive females and pups arriving only later (Tinker et al. 2008b) . By 2007, however, reproductive females had begun to occupy the southern range edge (Lafferty and Tinker 2014) where prey resources were still highly abundant . Shortly thereafter, mortality caused by shark bite became the greatest threat to their welfare . Over the same period, pup strandings also increased along the northern and southern range edges, eventually comprising a higher proportion of total strandings than in the range center, where the majority of this demographic occurs, ( Fig. 2B ; Supplementary material Appendix 1 Table A6 ). Two factors may explain this trend. First, the scarcity of kelp habitat in these peripheral areas likely increases the vulnerability of both mothers and pups to density-independent threats, such as shark bite and neurological disease. Second, greater exposure to these threats may also perpetuate a younger and therefore less reproductively successful female population relative to the range center, where sea otters have resided the longest and the majority of aged females occur and strand (Fig. 2B) . In either case, the high levels of mortality for pups and adults are likely to hinder further population growth and spatial expansion at the range peripheries.
Combining our results with previous work on sea otter movements and dispersal behavior (Jameson 1989 , Tarjan and Tinker 2015 , we suggest that extensive gaps in kelp forests throughout the range may be limiting sea otter range expansion through two different mechanisms -biological growth and dispersal. As indicated above, the lack of kelp cover at the range peripheries may increase individual vulnerability to shark bite and decrease forage quality, exposing sea otters to neurological disease from pathogen pollution and HABs (Fig. 2B, 3, 4 ; Supplementary material Appendix 1 Table A7 ). Where previously the range peripheries were areas of rapid population growth and range expansion (Tinker et al. 2008b) , these regions are now characterized by low population densities and heightened threats (Table 1 ; Fig. 1, 2 ; Supplementary material Appendix 1 Table A5 ). In addition, reduced kelp abundance across the range may be inhibiting the rate of female dispersal from the range center, because reproductive females tend to avoid areas without kelp canopy for nursery habitat. Together, these factors have created a 'harsh edge effect' (Lawton 1993 , Gaston 2003 with the range edges functioning essentially as population sinks (Pulliam 1988 , Dias 1996 , Runge et al. 2006 ). This pattern seems to have emerged relatively recently, although even before historical overexploitation, variability in kelp forest ecosystems likely exerted an influence on sea otter populations. In the dynamic California Current, areas lacking kelp may have served as dispersal corridors or provided zones for seasonal foraging, essentially helping sea otters transition between more stable and productive metapopulations. Today, however, the California sea otter population is both depleted in numbers and spatially constrained, and so may be caught in a sink that it is unable to overcome.
Although stranding patterns suggest that elevated mortality is limiting further recovery within the existing range, other factors indicate the potential for recovery through range expansion northward. Substantial loss of kelp cover along the southern periphery of the sea otter range is due primarily to ENSO-related winter storm waves and nutrientpoor warm water masses (Foster and Schiel 1992 , Edwards 2004 , Graham et al. 2007 , Foster et al. 2013 . Along central and northern regions, however, an increase in grazing sea urchins, resulting from a disease-related decline of predatory sea stars (Hewson et al. 2014) , may be responsible for decreasing kelp canopy. In addition to sea stars, sea otters are an important predator within these nearshore communities. Specifically, sea otter predation pressure on marine invertebrates, especially invasive crab species and kelp-grazing sea urchins, enhances trophic cascades that function to increase biodiversity and resiliency in both estuary (Hughes et al. 2013 ) and kelp forest ecosystems (Estes and Palmisano 1974 , VanBlaricom 1984 , Kenner et al. 2013 . These ecosystems provide a number of self-sustaining services, including but not limited to, creating nursery habitat for fishes and invertebrates, helping establish physical barriers against storms and erosion, sequestering carbon, and producing oxygen to mitigate hypoxic zones (Gedan et al. 2009 , Wilmers et al. 2012 , Hughes et al. 2013 . The current northern range boundary is adjacent to an expansive area of protected habitat in the form of a 1000 km 2 estuary -San Francisco Bay -that historically supported thousands of sea otters (Laidre et al. 2001) . In addition, north of San Francisco Bay is an extensive rocky coastline, similar to the central portion of the sea otter range. Expansion of sea otters into these habitats will improve prospects for full recovery of this threatened species and perhaps more importantly, help restore functional integrity to nearshore coastal communities throughout California.
Although obstacles to continued sea otter range expansion are substantial, one encouraging finding from our analyses is a significant decline in traumatic events directly attributed to human activities. In the past, anthropogenic trauma, including fishing gear entanglement and gunshot, has been an important source of mortality for sea otters, and was responsible for a period of population decline from the mid-1970s through the early 1980s (Wendell et al. 1986 , Herrick and Hanan 1988 , Estes et al. 2003 , Hatfield et al. 2011 . Our results indicate that this source of mortality has declined more than ten-fold since the late 1980s, and now represents less than 5% of all stranding cases. Decreases in anthropogenic trauma may have resulted from increased public stewardship of sea otters as coastal communities have transitioned from fishery to tourism-driven industries. From 1984 to 2015 the greatest number of strandings in this category was related to boat strikes, occurring primarily near harbors (Morro Bay, Monterey, Moss Landing, and Santa Cruz). In and around these nearshore waterways, where maritime activities are still economically important, boat strikes remain a threat. We also note that some human impacts from ecotourism, such as disturbances caused by viewing wildlife during kayaking or boating, while unlikely to appear in the stranding record, may represent a chronic stressor influencing sea otter health. Other data types will be required to measure these effects on sea otter population dynamics.
Caution is necessary when interpreting mortality patterns from strandings, especially when detection biases are unknown. Our strandings represent a relatively small fraction of all mortality events, so we must consider whether sea otters nearing death from any of our identified stranding types (i.e. shark bite, neurological disease, etc.) have a relatively equal probability of accessing shore. For example, an alternative hypothesis for the patterns we observed in strandings is that instead of kelp cover reducing density-independent threats, it merely acts as a barrier to coastal deposition of these stranding types because sea otters that succumb to shark bite or neurological disease may range farther offshore relative to individuals that suffer from density-dependent ELS/emaciation. Because we focused on strandings of live sea otters, however, we were less concerned by uncertainty related to carcass drift and shore deposition. As sea otters typically swim ashore or beach themselves when stranding, kelp does not act as a significant barrier to their detection. Additionally, if kelp cover was preventing detection of stranding due to shark bite and neurological disease, we might expect to experience greater recovery of these stranding types during winter and spring months in kelp dense areas relative to kelp sparse regions because kelp cover is significantly reduced during seasonal storms and wave exposure. We did not detect a seasonal pattern consistent with this hypothesis.
Our examination of three decades of strandings advanced our understanding of threats to sea otters throughout their regionally diverse range. Specifically, these data provide a novel perspective of the role of kelp forest ecosystems in reducing threats to sea otters and concentrating resources essential for reproduction and intrinsic population growth. Because female sea otters exhibit strong site fidelity and typically are poor pioneers (Tinker et al. 2008b, Lafferty and Tinker 2014) , large gaps in kelp forests along the range fronts present a substantial obstacle to natural range expansion. Full recovery of the California sea otter may require consideration of management strategies that overcome marginal habitats and population sinks along the range edges, perhaps by increasing the rate of female dispersal (Barros et al. 2016 ) to more sheltered habitats that could support reproduction and act as a source to repopulate areas farther north. In addition to fostering recovery, sea otter population expansion along its historic range would enhance restoration of both wetland and nearshore coastal habitats throughout California.
